3
(ITO), which works as the anode of the photodetector. Second, the organic blend is annealed at 120 °C for two hours. The thermal treatment plays a double role: (i) it improves the morphology of the polymeric film, enhancing the efficiency of charge photogeneration 15 , and (ii) it prepares the film for subsequent cell culture, by removing all the possible residual solvents (e.g. acetone, methyl alcohol, chlorobenzene), highly toxic for the biological systems, and sterilizes it, with the thermal elimination of biological pollutants. Third, the polymer layer is covered by a classical adhesion molecule, poly-L-lisine (PLL), deposited by casting, and primary rat embryonic hippocampal neurons are finally seeded and grown on top of it.
A successful device demands specific requirements to be fulfilled by the organic semiconductor, namely: (i) the organic semiconductor must stand a sterilization procedure, (ii) the organic semiconductor must survive and preserve its characteristics once immersed in culturing medium, (iii) cell growth and survival must be demonstrated on top of our organic active layer and (iv) proper functionalities of the semiconducting layer and of the neuronal network have to be demonstrated.
To address issues (i) and (ii) we preliminarily investigated prototypes not including neurons but undergoing the same fabrication steps 16 . We used hybrid solid-liquid devices using culturing medium, recording extracellular saline solution (Ringer) or aqueous solution of sodium chloride as electrolytic cathodes; the latter was used as a simpler and proper model system for understanding the hybrid photodetector operation's principle, considering that NaCl represents the main ionic content of any culturing medium. Fig. 1c clearly demonstrate that the photosensing capabilities of the organic polymer are fully preserved after thermal sterilization, casting of PLL and direct contact 4 with saline solutions for 12 days. We verified that the hybrid cell can work continuously for more than 30 hours, with negligible reduction of its efficiency, and lasts for more than one month. We found that there is a deterministic correspondence between photo-stimulation of the organic semiconductor and neuronal activation in both current-clamp ( Fig. 3c ) and voltage-clamp (Fig. 3d) experiments. This establishes a communication protocol which translates photons into neuron activation and signalling.
Data in
The photo-stimulation mechanism here performed seems well compatible with the neuronal physiological condition. For instance we directly monitored the pH changes in the extracellular solution in close proximity of the recorded cells ( Fig. 3b ) both in the presence of photo-stimuli and in control experiments of the same duration in which 5 photo-stimuli were not delivered. We found that the local pH change did not significantly drift over 0.02 pH units, which are anyway unlikely to affect neuronal function.
As a check experiment, neurons cultured directly onto glass/ITO substrates did not
show any response to illumination, suggesting that neither thermal mechanisms nor direct light gating of neurons can be considered responsible for the photo-induced stimulation of the system 17, 18 . This is shown by the Post Stimulus Time Histograms (PSTH) resulting from five consecutive light pulses ( Fig. 3d) , in which the light induced activation of neurons cultured on ITO/rrP3HT:PCBM devices (black trace) is virtually absent from neurons cultured onto control glass substrates (red trace).
As explained in Fig. 1d , the physical mechanism underlying the photostimulation process could be either a pure resistive (R i ) behaviour, or a pure capacitive (C i )
behaviour, or a combination of the two. In the first scenario, following polymer photoexcitation and photocurrent generation, the charge migration from the polymer to the electrolyte gives rise to Faradaic currents; subsequently, an ionic unbalance is created in the extracellular medium. Given the high resting chloride anions conductance of neurons, the decrease of Cl -could drive a gradient outflow of chloride anions from the neuron (inward current), giving rise to membrane depolarisation and subsequent firing.
This scenario is usually taken into consideration whenever an external bias is applied, stronger than the relevant electrochemical potentials and high enough to enable water hydrolysis (in our case higher than 3.4V). Note that Faradaic processes resulting from reduction-oxidation electrochemical reaction between species in solution and electrodes might induce both electrodes damage and cell degradation, and for this reason should be avoided. 6 The photo-stimulation can also trigger a pure-capacitive current, giving rise to the generation of two oppositely charged Helmholtz layers at the electrolyte/polymer and neuronal membrane/electrolyte interfaces, without charge transfer processes between the polymer and the electrolyte 19 . The charge displacement in the extracellular space depolarizes the neuronal membrane and elicits the action potential.
Considering that (i) we work in photovoltaic mode, (ii) the recorded photocurrent is low (in the order of few hundreds of pA) and (iii) during the stimulation experiments we do not observe any adverse effect (neither modification of the electrodes, nor of the neuronal culture), the capacitive coupling seems to be the most likely mechanism of stimulation.
A Faradaic component of the current can not be completely excluded, but in our case should be negligible; if present, a significant increase in the concentration of hydroxide ions is expected, contrary to our experimental evidence.
In conclusion, we demonstrate a new communication protocol between organic semiconductors and neuronal cells, showing photo-stimulation of neuronal activity.
Our approach has advantages respect to similar attempts based on biased devices 3, 4 . In contrast with metal or silicon interfaces, the proposed interface works without any externally applied electric field and with minimal heat dissipation, favourably addressing the thermal issues, extremely relevant in an efficient biological interface. The use of soft matter provides some advantages in terms of mechanical properties, since it allows to produce light, thin and flexible devices, better suited for implantation within a biological environment.
In perspective, our approach is a simpler alternative to the existing and widely used neuron optogenetic photo-stimulation techniques 21 and represents a new tool for neural active interfacing. 
